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Biologists not infrequently have occasion to define living cells as 
sticky, without careful analysis of what the term implies and without 
attempting to measure quantitatively the degree of stickiness.  Pre- 
vious experiments on the phagocytosis of solid particles by leucocytes 
(1) have naturally led to an interest in the stickiness which is such a 
prominent  characteristic  of  these  cells.  Experiments  are  reported 
in  this  paper  which were intended  as  a  quantitative  treatment of 
stickiness,  and also as an experimental investigation of the theoretical 
homology between the spreading of a  cell on a small particle (phago- 
cytosis) and the spreading of a  cell on a  flat surface.  The latter is, 
at least,  closely related to  stickiness.  In both  respects the experi- 
ments have been somewhat of a  disappointment,  but  as  a  venture 
in  a  rather  novel direction their publication may find justification. 
It  seems at  least  worth  pointing  out  that  measurable  changes in 
the  stickiness  of leucocytes may be  produced by  small changes in 
temperature, concentration of salt, serum and hydrogen ions.  It is 
hoped that  further measurements of the stickiness of other cells by 
other investigators may yield results of perhaps  greater  significance. 
The  terms  adhesiveness  and  stickiness,  which  are  used  rather 
loosely  throughout  this  report,  must  be  considered  as  defined by 
the technique of the experiments by which this property is measured. 
Thus,  the stickiness varies with  the method of measurement.  The 
following summary, from a recent theoretical discussion (2) of sticki- 
ness and  phagocytosis may, however, be helpful in elucidating what 
are believed to be the principles involved in the adhesion  of a  cell 
to a  slide. 
1.  The force holding a cell to the slide is the force of surface tension 
as exerted on the cell fluid, cell solid, and solid fluid boundaries. 
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2.  A  cell may fail to stick to a  s~ide for  one  of  three  reasons:  (a) 
the  angle of contact predicted  from surface tension may be greater 
than  180  °  (i.e.,  the slide is tangent  to the cell);  (b)  the cell may be 
too rigid  and  spherical  to present  a  sufficieIlt surface of contact in 
spite of surface tension;  or  (c)  the cell may be so fluid that it'tears 
away even though a  thin invisible film of the cell widely spread out, 
may continue to adhere. 
3.  The extent to which a  cell spreads on a  slide is a measure of its 
adhesiveness to the slide only when the consistency of the protoplasm 
and the force tending to detach the cell are tale same throughout the 
series measured. 
For  a  discussion  of  the  differential adhesiveness of  blood  cells, 
reference is made particularly  to a  paper by Tait  (3),  who remarks 
upon the  extraordinary  complexity of the interrelationskip  involved 
between cells, fibrin,  endothelinm,  etc.  This  is possibly due  to  the 
fact that  the adhering materials  are themselves watery and are in a 
watery medium so that  the surface tension forces involved are more 
nearly  equal  and  thus  more  delicately  balanced  than  would be the 
case in an air medium.  Our usual ideas of stickiness are very incom- 
pletely and  hence  inaccurately  typified  by glue,  a  watery material 
adhering to a dry substance in an air medium.  Tait considers chiefly 
invertebrate blood cells as does also Loeb  (4).  Sawtchenko  (5)  and 
Ponder  (6)  have made reference to the  adhesiveness of mammalian 
polymorphonuclear  leucocytes.  Wolf  (7)  has  failed  agar  chambers 
~ith  blood and  counted  the  number  of leucocytes remaining  on  or 
in  the  agar  after washing  out  the  clotted blood with  warm  sodium 
chloride  solution.  She  interprets  the  results  as  a  measure  of  the 
chemotactic  effect of substances dissolved in  the  agar  although  the 
firmness with which they adhere to the agar would seem to be another 
minor  factor.  Barikine  (8)  alone  has  made  a  preliminary  attempt 
to measure the adhesiveness of leucocytes to glass.  His method was 
to place a  drop of leucocyte suspension on a  slide and leave it in a 
moist  chamber  until  the  cells  had  settled  out.  A  fine  stream  of 
salt solution was then allowed to run over it and  counts were made 
of the number of cells which still remained  on the slide over a  given 
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Since it was desired to study the adhesiveness of cells to  opaque 
materials  like  coal,  it  became  necessary to  develop  some  method 
whereby the number of leucocytes adhering could be measured by 
counting the number which were washed off. 
Measurement  of Stickiness by the Stream Method. 
For  this  purpose  the  cells were allowed  to  settle  out in  a  vessel 
made by sealing (with paraffin or wax) a short cylindrical glass tube, 
ground flat at one end, to a  microscope slide or any other smooth, 
flat surface to be investigated.  After the ceils had been resting on 
the bottom for an hour or more, the whole apparatus was clamped to 
a  motor  which  revolved slowly  (17  to  20  revolutions  per minute) 
and was rotated end for end (i.e., about a horizontal axis) usually for 
15  revolutions.  The open end of the vessel was closed by a  rubber 
stopper having a capillary air vent.  During the rotation of the ves- 
sel the circulating stream  of liquid  washed off a  certain proportion 
of the cells from the bottom.  This percentage was determined by 
removing the rubber stopper, pipetting out the liquid,  and  counting 
on a hemocytometer the number of cells present. 
The cells were usually fixed with a  small amount of acetic acid  of 
appropriate  strength  which depended  somewhat upon  the  solution 
in which the cells were suspended.  It was customary to use 0.13  cc. 
of 5 per cent acetic acid delivered by an automatic pipette into  1.2 
co.  of  the  cell  suspension.  The  sizes  of  the  tubes  used  varied  in 
different experiments from 1.0 to 2.0 cm. in diameter and from 2  to 
4  can. in length.  The volume of the  cell  suspension  used  was  cor- 
respondingly varied, so that the height of the liquid was always  ap- 
proximately 0.5  era. above the bottom. 
Measurements  of  the  speed  of  settling  of leucocytes show  that 
they will settle this distance in about 20 minutes, their velocity under 
gravity being  1.6  cm.  per hour.  An incubation time of 1  hour is, 
therefore, ample to bring all the ceils into contact with the bottom. 
The cell suspension was made so dilute  in all cases  (approximately 
1,000 cells per c.mm.) that  there was room for all the cells in direct 
contact with the bottom. 
The leucocytes used in  these experiments were all  obtained from 
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12  to 20 hours  the rat was killed  and  the exudate washed out with 
physiological  salt  solution  containing  0.25  per cent sodium citrate. 
The resulting suspension was centrifuged once at low speed, decanted, 
and the cells resuspended in 0.9 per cent sodium chloride with citrate. 
Unless the  cells were used within  an hour  this  final  suspension was 
preserved in an ice box at about 5°C.  Variations from this procedure 
will be mentioned where they occur. 
In  the  absence  of specific statement  the  reaction  of the  solution 
in  these  experiments  may be  taken  as  neutral  or  slightly  alkaline. 
The effect of variations in pH will be described in a  separate paper. 
The Adhesiveness  of Leucocytes to  Various Solid Materials. 
The writer has shown in experiments  on phagocytosis that  carbon 
is ingested more readily than quartz (1).  It was, therefore, a reason- 
able  expectation  that  leucocytes would  also  adhere  to  coal  better 
than to glass.  This was found to be the case in six out of seven ex- 
periments tried, as shown in Table I.  In the same table the adhesive- 
ness of leucocytes to paraffin is also compared by the same method. 
The results are in accord with  the fact, first demonstrated  by Hay- 
craft and Carlier (9), that blood cells do not go to pieces if suspended 
in oil.  It has also been shown by Tait and Gunn (10) that phagocytic 
cells of Astacus  blood do not ingest  pure  oily globules unless  some 
emulsifying agent has been used in their preparation.  It is, perhaps, 
rather  surprising  that  there is not more difference between paraffin 
and glass in these experiments. 
The  fact that leucocytes do not  stick  to a  greasy surface as well 
as to a  clean one may also be shown by treating  the surface of coal 
with oil or wax.  Thus,  36 per cent of the leucocytes in one suspen- 
sion were found sticking to normal coal while only 22 per cent stuck 
to  coal  treated  with  paraffin  oil.  Similarly,  coal polished  with  tri- 
poli,  a  waxy material  containing  an  abrasive,  retained  only 80  per 
cent  of  the  leucocytes while  untreated  coal  retained  89  per  cent. 
There  seems to be no way of proving,  unfortunately,  that  this  dif- 
ference between glass and coal is not due to the greater microscopical 
roughness  of  the  coal,  which  no  amount  of  polishing  will  remove. 
In  attempting  to  compare  the  effect of rough  and  smooth  surfaces 
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sticking to ordinary glass was on an average 10 per cent less than on 
ground glass, the figures being 31, 38, 64, and 77 per cent as opposed 
to 43, 54, 70, and 85 per cent respectively.  Similarly, the percentage 
of cells sticking to rough porcelain tile was reduced from 96 to 90 per 
cent by careful polishing of the surface.  On smoothly polished coal, 
however, it was not found possible  to increase the number sticking 
by scratching the surface with  coarse sandpaper  or with  the point 
of a  knife, the percentage of leucocytes sticking on these three sur- 
faces being 67  per cent on the smoothest as compared to 63  and 54 
per cent on the roughened samples.  The nearest approach to a proof 
that roughness was not the only factor involved was an experiment 
TABLE  I. 
Percentage of Leucocytes Which Adhere to Coal, Glass, and Paraffin. 
Coal.  Glass.  Paraffin. 
28 
69 
65 
67 
79 
89 
95 
67 
77 
20 
69 
30 
38 
77 
64 
39 
32 
61 
52 
39 
38 
18 
in  which 95  per  cent of the leucocytes stuck  to  a  piece of highly 
polished graphite, 91 per cent to rough graphite and only 70 per cent 
to  ground glass.  The  ground glass was prepared by rubbing with 
fine alundum flour and might be regarded as rougher than the polished 
graphite though retaining fewer of the cells. 
These results show then an apparent parallelism between phagocy- 
tosis  and  stickiness.  When  the  comparison is  made in  acid  solu- 
tions,  however,  the  parallelism  fails.  As  will  be  shown  in a  later 
paper, quartz particles are phagocytized more readily than carbon in 
acid solutions.  No such reversal of preference is found in measure- 
ments of the stickiness of leucocytes to glass and coal in acid solutions 
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to coal or to graphite than to glass.  This discrepancy between theory 
and fact is one which cannot be explained by changes in the rigidity 
of  the  leucocytes due  to  the acidity,  for such  changes  would  affect 
their  reaction  to  both  quartz  and  carbon  equally.  Three  possible 
explanations  are:  (a)  that  the  adhesiveness to carbon  is maintained 
in acid solutions by the greater roughness of the carbon; or  (b)  that 
the samples of carbon used for particles  and  for fiat surfaces did not 
behave alike toward H  ions.  The carbon used for phagocytosis was 
prepared from coal purified by superheated steam and washed a great 
TABLE  II. 
Percentage of Leucocytes Sticking to Carbon and Glass When the pH Varies. 
pH  Coal.  Glass.  Graphite.  Glass. 
7.30 
6.57 
6.05 
~cf" 6$f;t 
73 
81 
64 
70 
55 
55 
65 
~er cen/  ~er Cent 
68 
65 
41 
59 
0 
0 
0 
91 
60 
82 
46 
18 
per ¢e~ 
67 
65 
52 
0 
Mixtures.--lO cc. leucocytes suspended in NaC1 0.9 per cent plus 1 cc. serum, 
plus 1 cc. ~¢/20 phosphate buffer solution.  Figures strictly  comparable only in 
pairs, glass versus coal, graphite  versus coal at each pH.  In other respects there 
were slight differences  due to varying sizes of tubes, different rates of rotation, etc. 
The general increased stickiness in alkaline solutions is, however, a fact. 
many  times  in  distilled  water.  The  coal ,used  for  the  experiments 
on stickiness was untreated  except for a  vigorous washing in  soapy, 
tap,  and distilled  water.  The third and  most interesting  possibility 
is  (c)  that  the limiting factor in phagocytosis is not  surface tension. 
Phagocytosis seems more likely to involve other factors than does a 
comparatively simple,  abnormal,  suicidal reaction like the spreading 
and adhesion of a cell on a glass surface. 
The  results  of three  other experiments  in which  the  adhesiveness 
of leucocytes to various other  surfaces was compared  are  shown in 
Table III.  The differences found were not very great and can possi- 
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gone into solution or by films of grease which may have been present 
in spite of all attempts to avoid them.  The difficulty in interpreting 
these  results led  to  an abandonment  of  plans for  extending and  re- 
peating the  observations. 
TABLE  III. 
Percentage of Leucocytes Adhering to  Various Surfaces.* 
Experiment A.  Experiment B.  Experiment C. 
Nature of surface. 
~used quartz. 
;lass. 
~ickel. 
vory. 
~ica. 
Stuck. 
~¢r cent 
88 4- 0.42 
86 -4- 0.35 
84 ±  0.75 
83 -4- 0.64 
79 4- 0.92 
Nature of surface. 
Sulfur. 
Nickel. 
Tungsten. 
Zinc. 
Tin. 
Aluminum. 
Stuck. 
per cent 
52 
49 
48 
49, 40, 41 
46, 36 
27, 38 
Nature of surface.  Stuck. 
per cent 
Zinc.  83, 73 
Nickel.  72 
Glass.  69 
Quartz.  67 
Aluminum.  67 
Tungsten.  65 
Tin.  65, 61 
Sulfur.  43 
* In general the surfaces used were washed in hot soapy water, hot tap water, 
and  finally distilled water,  and  allowed  to  dry.  The  fact  that  water  spread 
evenly over all the surfaces with the exception of sulfur was taken as evidence 
of the absence of a  film of grease.  Before washing, the surfaces were made as 
smooth  as possible by polishing with  emery paper,  carborundum, and, finally 
calcined alundum flour.  For tin and zinc surfaces, molten samples of the pure 
metal were poured into moulds.  The sulfur surface was similarly prepared by 
melting pure crystals.  We  are indebted to  Dr.  W.  T.  Bovie for many of  the 
surfaces used.  In Experiments A  and B  the  cells  were  suspended in 0.9  per 
cent sodium chloride plus a phosphate buffer solution (M/60) to give a pH of 7.5, 
but the phosphate was replaced by 12 per cent serum in Experiment C.  This 
may account for the different order obtained in the last experiment.  The  prob- 
able error of the figures as far as the counts themselves go is given in Experiment 
A,  and may be regarded as typical of all the experiments made by this method. 
Since the error is always an approximately constant percentage of the number of 
cells washed off, small percentages of cells left sticking to the slide are determined 
with proportionately greater error. 
Scrum. 
If the spreading and sticking of leucocytes on glass or other materials 
upon which they are allowed to settle is rightly regarded as compar- 150  ADHESIVENESS  OF  LEUCOCYTES 
able  to  the  phagocytosis  of  solid  particles,  the  addition  of  serum  to 
a  suspension  of leucocytes in 0.9  per cent  sodium  chloride  should  in- 
crease  the  number  adhering  to  the  bottom just  as  it increases phag- 
ocytosis.  Indeed,  Barikine  (8)  states  that  certain kinds of immune 
sera  do  increase  the  adhesiveness  of leucocytes,  and  this  experiment 
FIG. 1.  Photograph of leucocytes after being in contact with the glass micro- 
scope slide for 1 hour in the absence of serum.  The fine processes on the cells do 
not appear until they are stained with iodine.  The smaller dark cells are leuco- 
cytes which have failed to spread though adhering to the slide. 
has been quoted by Loeb (4) as evidence that the adhesiveness of cells 
plays  a  r61e  in  phagocytosis.  There  is  no  doubt  that  the  normal 
effect of serum is to protect the leucocytes from spreading.  If identi- 
cal  cells with  and without  serum  (10 per cent  or more)  be  examined 
under  a  microscope the  spreading  out  of the  cells deprived  of serum WALLACE  O.  FENN  151 
can be distinctly observed within a  few minutes.  This spreading is 
very  evident  in  the photograph  (Fig.  1).  The normal size  of the 
leucocytes is shown by the smaller darker cells. 
In Fig. 2  are plotted the results of five experiments in which the 
concentration of serum was varied from 4 to 60 parts of serum in 100 
parts  of  the  mixture.  The  surfaces  used  were  of  glass,  coal,  and 
freshly exposed mica.  All agree in showing a minimum adhesiveness 
100"  "/.  Leucocytes Adhel"int~ 
I~  61ass 
75-~ ~  Coal 
~Glass 
lO  2'0  30  4'0  5() ~ Se.u'm 
FIG.  2.  Curves showing the  decrease  in adhesiveness of leucocytes in small 
concentrations of  serum.  Abscissm  represent  the  concentration of  serum  in 
per  cent  of  normal  concentration.  Ordinates  were  obtained  by  subtracting 
from 100 per cent the number of leucocytes washed off from the coal,  glass, or 
mica surface expressed in per cent of the total number originally present.  The 
experiments are not comparable with one another.  All were incubated at 37  ° C. 
for 1 to 1.3 hours while the leucocytes were settling on the glass. 
at about 8  per  cent of serum followed by a  gradual increase as  the 
amount of serum is further increased.  In all concentrations of serum 
more  cells  could be  washed  off by rotating  the  vessel  than in  the 
control. 
A control experiment in which the same mixtures were rotated for 
1 hour in ¼  inch test-tubes at about 10 revolutions per minute at 35°C., 
then fixed with acetic acid, and counted, showed no significant varia- 152  ADHESIVENESS  OF  LEUCOCYTES 
tion  except that  due  to  a  slight  clumping  in  higher  concentrations, 
thus decreasing  the  count. 
In  one  of  these  five  experiments  (third  curve  from  top,  Fig.  2) 
counts  were made  of  the  number  of  cells visible  on  the  slide  after 
rotating  the  vessel.  This  was  facilitated  by  fixing  the  cells  with 
iodine.  The  percentage  of  cells  stuck  on  the  slide  could  then  be 
estimated directly from the diameter of the tube, the total volume of 
cell suspension contained  in it,  the  area on the slide covered by the 
cells counted, and the concentration of cells in the original suspension 
as  determined  on  the  hemocytometer.  This  procedure  was  always 
followed in the later experiments as it gave valuable confirmation of 
the  results  obtained  by counting  the  cells washed  off and  served to 
TABLE  IV. 
Percentage  of  Cells. 
Serum.  Washed off.  On slide.  Lost. 
per cent 
0 
0 
5 
10 
20 
25 
32 
65 
68 
56 
46 
46 
20 
28 
32 
29 
22 
15 
4 
12 
detect  any  loss  of  cells,  presumably  by  disintegration,  during  the 
experiment? 
The figures obtained in this experiment are given in detail in Table 
IV to illustrate  the method.  The last column shows the percentage 
of  cells which  could  not be  accounted  for,  either  because  they had 
disintegrated  beyond  recognition  on  the  glass,  or  because  of  the 
experimental  error  involved  in  counting.  This  error,  due  to  the 
somewhat uneven distribution of the cells on the slide, is so large that 
no significance can be attributed to these figures (last column)  except 
in the absence of serum where the 29 and 22 per cent loss indicates a 
1 Where  the percentage  of  cells  adhering is calculated merely from counts  of 
those washed off, disintegrated  cells are classed necessarily as if they were stuck 
to the slide.  This is justified however because the disintegration is to be regarded 
as the end-result of the sticking and spreading on the slide. WALLACE  O.  I~ENN  153 
certain amount of cellular disintegration, which is prevented by the 
presence of serum. 
The effect of serum on the adhesiveness of cells to  paraffin  (see 
Fig. 3)  at 35°C.  appears to differ from that just described for glass, 
coal,  and  mica.  In  three  experiments serum  had  no  effect while 
in a fourth it caused a decrease, which, however, reached a minimum 
at  30  per cent instead  of 8  per  cent.  This possibly indicates that 
the spreading of cells on paraffin was so much less than on glass that 
100] ~?o Leucocytes Adhering  to Paraffin 
~0 
5O 
2 
lo  20  50  40  50 '~, Se~'um 
FIG. 3.  The effect of increasing concentrations of serum on the adhesiveness of 
leucocytes to paraffin after 1 hour at 35°C.  In only one case is there any signifi- 
cant decrease in adhesiveness.  In all cases the effect, differed somewhat from that 
on glass. 
the preservative effect of serum was masked.  It may also be signifi- 
cant that the characteristics of the two curves were reversed by vary- 
ing the temperature as shown in Fig. 4.  On glass at 20°C. serum is 
without  effect though it  causes a  sharp decrease in adhesiveness to 
paraffin at 47°C. 
Heating the serum to which the leucocytes are exposed decreases 
their adhesiveness as shown by the two comparable curves plotted 
in Fig.  5.  This  same fact is illustrated by the figures in Table V. 154  ADH:ESI'VENESS  O1  e  LEUCOCYTES 
:100  "1, Leucocytes  Adherir~ 
75 
50 
25 
10  -  2'0  5b¢Serum 
Fzc. 4. Curves showing that the characteristic difference between the effect of 
increasing concentrations of serum on the adhesiveness of leucocytes to glass and 
paraffin at 37°C. is reversed by measuring the adhesiveness to glass at 20°C. and 
the adhesiveness to paraffin at 47°C. 
100"  "/° Leucocytes  Adhevin¢ 
50 
25 
lb  ~b  ~b'/.Serum 
Fro. 5.  Curves showing that the adhesiveness of leucocytes to glass is decreased 
by heating the serum to 58 ° for 30 minutes, WALLACE O.  PENN 
TABLE V. 
Percentage  of Cells. 
155 
~To ~rl.lln ............................................ 
13 per cent serum, normal  ............................. 
Heated to 58-60°C. for 15 rain  ......... 
"  "  54--66  °``  "  10  "  ......... 
After coagulating  by boiling  ........... 
Leucocytes not washed off. 
Experiment A.  Experiment B. 
per cent  per cent 
56  74 
37  19 
18  5 
15  3O 
54  55 
The  effect of normal serum in preventing  the  adhesion  of  cells 
to glass is simulated by the effect of acacia as shown in the following 
table where  adhesion of the leucocytes is  completely prevented by 
0.25  per cent acacia. 
Acacia.  Leucocytes stuck to glass. 
per cent 
0 
0.03 
0.125 
0.25 
per ce~ 
59 
19 
25 
0 
Friedemann  and  SchSnfeld  (11)  have  observed  that  leucocytes 
washed out of the peritoneal cavity failed to spread out on the glass 
and  continued  ameboid  movements  only  when  gelatin,  dextrin, 
egg albumin, or 2  to 8 per cent of acacia were present.  They attri- 
bute  this,  rather  absurdly it  seems,  to  the  physical resistance  to 
spreading offered by the high viscosity of these substances. 
Effect  of  Variations  in  Temperature  on  the  Per  Cent  of  Leucocytes 
Adhering. 
Since the effect of serum was found to vary with the temperature, 
it became necessary to determine more fully the effect of different 
temperatures,  the  serum  concentration  remaining  constant.  The 
results of three such experiments with 0,  12, and 40 per  cent  serum 
are plotted in Fig. 6.  The three experiments are not directly corn- 156  ADI-IESIV~..N]ESS  O~  L~,ITCOCYTES 
parable as they were done with different cells on different days.  The 
relative positions of the three curves are,  nevertheless, in complete 
agreement with  the  isotherms  already figured  (Figs.  2,  4,  and  5). 
The curves bring out the interesting fact that there is an optimum 
temperature  for  stickiness  at  20°C.  In  the  absence  of  serum the 
cells  are  comparatively insensitive to temperature, but with even a 
small amount of serum the maximum becomes very sharp.  A similar 
set of curves of 0,  17,  and 27  per  cent serum are plotted in Fig.  7 
10(] 
75 
50" 
25 
¢  Leucocytes  Adhering  to  Glass 
.  0~.  Serum 
l~um 
lb  2o  ~0  40  5o°C. 
FIG. 6. Effect of varying temperature (abscissa) on the per cent of leucocytes 
adhering to glass  in the presence of 0, 12, and 40 per cent serum.  All were allowed 
to settle for 1½ hours at the designated temperature before the number which 
could be washed  off was determined.  A separate vessel  was used for each point. 
for paraffin.  Here again the curves are not comparable to each other 
and  a  comparison  with  the  isotherms  previously  plotted  (Fig. 3) 
shows  that  they  would  need  some  readjustment  to  represent  the 
facts.  There is, however, in the 17 per cent serum curve a suggestion 
of a  broader maximum extending from 20°C.  to 35°C., which would 
agree with the negative effect of serum at 35°C. illustrated in Fig. 3. 
It seems absurd to conclude from these experiments that the sticki- 
ness  of  normal leucocytes in  the  circulation could be  increased by 
cooling them  to  20°C.  Two  explanations of  this  anomalous result WALLACE  Oo  ~ENN  157 
suggest themselves:  (a)  a  greater fluidity of the cell at 37°C.  may 
enable the cell to tear away from the slide more easily, leaving behind 
perhaps  a  film of protoplasm;  (b)  the maximum stickiness may be 
at 37°C. immediately after the cells come into contact with the glass, 
and  at  20°C.  an hour  or more later,  which was  the usual  time  of 
measurement in these experiments. 
No means of testing the first of these suggestions offers itself though 
it seems quite probable.  Indications of the truth of the second sug- 
gestion are found in Fig.  8  where the stickiness has been measured 
I00:  ~ Leucocytes Adhe~in~  to Paraffin 
0¢ So.urn 
50 
o 
1'o  io  5'0  go  sb'c. 
FIG. 7.  Similar to Fig. 6, using paraffin instead of glass surfaces.  The cells 
were incubated in all cases for l~to 1½ hours at the desig~sted temperature. 
at various times from ½ to 6  hours.  At 37 ° or 45°C.  the stickiness 
evidently passes through a maximum before the end of the 2nd hour. 
At 3 ° and 20°C.  the stickiness continues to increase throughout the 
experiment but presumably would decrease later.  The temperature 
at  which  the  cells would  show  their  maYimum stickiness  depends, 
therefore, upon the length of time they remain in contact with the 
glass  before  the  number  which  can  be  washed  off  is  determined. 
Thus, in the upper set of curves (broken line), the maximum sticki- 
ness is at 37°C. at 1 hour, at 20°C. at 2 hours, and at 3°C. after the 
3rd hour.  On the whole these experiments (Fig. 8) show less change 158  AD:t:EESIV:EN'ESS  OF I,.EuCOCYT:ES 
of adhesiveness with time (6 hours) than might reasonably have been 
expected.  If  the  time  factor  is  of  importance  the  measurements 
recorded in Fig. 8 after ½ hour are complicated by the fact that some 
of the cells have been in contact with the glass for ½  hour while others, 
which had to settle from the top to the bottom of the liquid in the 
vessel, have only just reached the slide.  The following simple method 
was  therefore  devised,  permitting measurements within  5  minutes 
after making contact.  For convenience of reference it may be called 
the gravity  method. 
100" 
75- 
5O 
25 
Leucocytes  Adhering 
~5"C. 
.....  o-  ........  ..o  20"  c 
//  ----._  .......  037"0. 
//  /  -.o----- 
//  /  0¢s6, m 
II  ii  o ~ 
20  C. 
57"C.~ 
45 °C. 
Fro.  8. Two sets of curves showing how the  adhesiveness of leucocytes at 
different temperatures varies with the length of time they remain in contact with 
the  glass.  Typically the adhesiveness passes through a  maximum which has 
only been reached at the higher temperatures.  In the upper set of curves where 
no serum was present the cells  were used in an ~/80 solution of phosphate buffers 
(pH 7.4) in sodium chloride  0.9 per cent.  No buffer was used in the lower set of 
curves. 
A  square  cover-glass  was  supported  on  a  slide  on  fragments of 
another cover-slip and was held in position by sealing it at the cor- 
ners  with drops  of paraffin.  A  suspension of cells  in physiological 
salt solution plus  a  given amount of serum was brought to equilib- 
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in between the cover-slip and slide which had likewise been brought 
to  the  same  temperature  as  the  cells.  Evaporation  was prevented 
by sealing all around the cover-slip with paraffin.  The adhesiveness 
of the  cells was measured  by inverting  the whole preparation  after 
sedimentation  was completed  (1  minute  was sufficient),  and  count- 
ing the numbers  of leucocytes on the slide and  cover respectively,  1 
to 5 minutes  after inverting.  Further  change is very gradual  after 
the  first  separation  has  been  effected.  By  this  simple  and  rapid 
method the percentage  of leucocytes adhering  to glass could be fol- 
lowed as it varied with  time,  beginning  5 minutes  after contact oc- 
curred.  The  results  are  shown in Table VI. 
TABLE  VI. 
Effect of Temperature on the Adhesiveness of Leucocytes to Glass. 
Sxperiment  .... 
Time. 
m/n. 
5 
20-4O 
7O-8O 
115-130 
200-300 
A 
20  ° 
16 
60 
37 °  20  ° 
34  17 
36  67 
3?  ° 
56 
53 
20  ° 
27 
27  i 
40  l 
16 
37 °  25  ° 
30  67 
41"  69 
13  72 
25, 11  63 
37 ° 
53 
55 
54 
24 
22"  37* 
32  100 
70  100 
Figures show the average per cent of cells sticking to the slide after inverting, 
except in E where the actual numbers of cells adhering per unit area are recorded. 
* Time is 11 rain. 
From these figures it is evident that during  the first 5 minutes  of 
contact with  the glass more leucocytes are  adhering  at 37 °  than  at 
20°C.  (This  is  not  true  at  25 °.  See  Experiment  D.)  After  20 
minutes,  however,  ~his  condition  is  usually  reversed  in  agreement 
with the results obtained by the other method.  In Experiments A, 
B, and D  (Table VI) the maximum  stickiness attained at any time 
at the lower temperature is greater than at 37 ° .  It seems probable 
as already suggested,  that  this is due  to  the  greater  fluidity of the 
cell at the higher temperature.  Cooling increases the rigidity of the 
cell and in consequence decreases both the rate with which a firm con- 
tact with the glass can be established and the rate at which the cell 160  ADI:£ESIVENESS  OF  LEUCOCYTES 
will yield to some outer force, as gravity or a stream of water, tending 
to detach it from the slide. 
The proposed explanation of the behavior of a  cell can be made 
clearer by an  example.  If  two postage  stamps  be pressed  against 
glass  slides  one  of which is  warmed sufficiently to  make  the  glue 
fluid, the warmed stamp will be found to adhere most firmly to the 
slide.  If the pressure be continued, the cool stamp also will finally 
establish  a  contact with  the  slide  and  will  then be harder  to  pull 
off than the warm stamp,  though the latter would probably leave a 
film of glue on the slide when removed.  Like the leucocytes,  the 
stamp shows initially a  greater stickiness to glass at higher tempera- 
tures, but the stickiness of the cool stamp increases with time until 
it surpasses that of the warm stamp which remains constant.  With 
the stamp as with the cells, changes in consistency are of more im- 
portance than changes in interfacial surface tension.  The explana- 
tion of the difference between the effects of temperature on phagocy- 
tosis of small particles and on the spreading of leucocytes on glass, 
is  that a greater fluidity of the cell favors phagocytosis, but  enables 
the cell to tear away from the slide more easily leaving behind prob- 
ably a  thin film of protoplasm,  thus decreasing  the stickiness as de- 
fined by the technique of the experiments. 
All the curves in Figs.  6  and 7 showing a  maximum stickiness at 
20°C.  were  obtained  during  the  summer of  1920  at  Woods  Hole. 
An  attempt  to  repeat  and  amplify  them  during  the  following 
winter  at  Boston  was  at  first  quite  unsuccessful.  Finally  the 
room temperature was raised from 22 °  to nearly 30°C.  and all  the 
operations  of  mixing  the  cells,  centrifuging  them,  killing  the  rat, 
and washing out the peritoneum were carried out at  summer heat 
although  the  temperatures of incubation  were the same  as  before. 
The result was a  perfect duplication of the previous results,  70  per 
cent of the cells sticking on the slide at 22°C. and only 36 and 45 per 
cent at 10  ° and 37°C., respectively.  A  similar though somewhat less 
pronounced maximum at 20°C.  was obtained in another experiment 
by using warm sodium chloride to wash out the cells and keeping the 
resulting suspension at 30°C. throughout all the subsequent operations 
of centrifuging the cells and preparing them for the measurement of 
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Just what part of the technique was affected by the temperature 
to this marked  degree was not definitely ascertained.  Attempts  to 
relate it to the temperature at which the vessels containing the sedi- 
mented  cell suspension were rotated or to the temperature  at which 
the  cells  were  centrifuged  were  not  successful.  Further  attempts 
during the summer of 1921 to repeat these results were almost always 
successful.  It never failed so long as the room was warm and the cells 
were washed out of the peritoneum by sodium chloride without citrate 
and  were  not  centrifuged.  Centrifuging  them  in  the  absence  of 
citrate  usually  destroyed  the  maximum  stickiness  at  20°C.  Also, 
experiments which were tried with cells which had stood for 6 hours 
more or less at room temperature or 37°C. usually failed to show the 
20  °  maximum.  A  long  series  of  such  experiments  gave  one  the 
impression  that  cells which  failed  to  show  this  maximum  at  20°C. 
had  been injured  in  some way,  as by centrifuging  or by  prolonged 
standing in the test-tube. 
The following table shows the effect of centrifuging  the cells with 
and without citrate and serum on the stickiness of the cells as meas- 
ured  by  the  stream  method.  The  supematant  solution  was  not 
changed  after centrifuging. 
NO.  Solution. 
No serum (pH 6.8) ...... 
6.2 per cent serum (pH 7.0) ........................... 
'Sodium citrate, 0.5 per cent (pH 8.4) .................... 
"  chloride (pH 6.8) ............................. 
Leucocytes 
not  washed off. 
Cells not  Cells 
centrifuged,  centrifuged. 
per cent  per cent 
11-32  95 
2-4  22-36 
7  7 
27 
In Nos. 1 and 2 the stickiness was much increased by centrifuging. 
In No. 3 the presence of sodium citrate prevents this increased sticki- 
ness and decreases the stickiness of the uncentrifuged cells from 27 to 
7 per cent.  This last effect is doubtless due in part to the alkalinity 
of the citrate.  In No. 1, 50 per cent of the centrifuged cells not washed 
off had disintegrated,  while the uncentrifuged cells stuck to the slide 
were  all  perfectly  normal  in  appearance.  This  shows very dearly 162  ADI£ESIVEN~.SS  OF  LEUCOCYTES 
the injury resulting from centrifuging cells' without serum or citrate. 
All these comparisons were carried out at 20°C. 
Another series  of  experiments  was  undertaken with  the  object 
of keeping the cells under continuous microscopical observation dur- 
ing  incubation  at  different temperatures in order  to correlate their 
measured stickiness with their microscopical appearance.  The method 
consisted in sealing a  cylinder of glass 1 cm. high around the small 
round cover-glass on the slide so that the slide could be  supported 
just below the surface of the water in a small crystallizing dish with- 
out wetting the cover-slip.  To prevent spilling, paraffin was poured 
on  the  surface  of the water and allowed to harden.  The glass cy- 
linder  was  large  enough  to  admit  the  objective of  the  microscope 
easily.  The crystallizing dish was kept in a  water bath or  incuba- 
tor  at  the desired temperature and could be removed for brief ob- 
servation without appreciably affecting the temperature of the cells. 
Measurements of the  diameters of such  cells show  that  there is  a 
tendency for them to increase at all temperatures but more rapidly 
at the higher temperatures.  Such measurements are not very satis- 
factory, however, since they are complicated by disintegrative changes 
which alter the volume of the ceil.  When the stickiness would be 
expected to be at a maximum at 20°C. the cells are not more spread 
out as would be indicated by an increased diameter.  In one  experi- 
ment the time of the first appearance of an abnormality in the cells 
was carefully  noted.  At 47 °, 37 °, 27 °, 20 °, 15 °, and 3°C. these times were 
1, 2-~  3, 12, 24, 48, and 60 hours respectively.  If the logarithms of the 
reciprocals of these times (i.e.,  the logs of the rates of the disintegra- 
tive process) are plotted against the temperature, the points are found 
to lie roughly upon a  straight line, the slope of which represents the 
temperature coefficient, Q10, found to be approximately  3.0. 
The method is necessarily not susceptible of great accuracy.  The 
abnormal appearance which was used for an end-point in this experi- 
ment may be described as an increased refractiveness and transpar- 
ency, suggesting a  spreading of the cell combined with an apparent 
coagulation of the protoplasm  giving a  coarsely granular  or beady 
appearance  to  ~e  cell,  a  cessation  of  ameboid  movement,  and  a 
disappearance of the normal ameboid shape of the cell. 
Sawtchenko in 1910 reports (5) similar injury and loss of phagocytic power 
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These  experiments  confirm  Loeb's  (4)  observation  that  Limulus 
ce]Is, in vitro, go through  the same changes at different temperatures 
though the rate of change varies. 
Effect of  Varying Concentrations of Sodium  Chloride. 
Hamburger  (12,  13)  has shown that phagocytosis of carbon parti- 
cles is decreased by change in the concentration of the sodium chloride 
either above or below normal, 0.9 per cent.  The experiments plotted 
in Fig. 9 show (a)  that in the absence of serum the concentration  of 
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FIG. 9.  Curves showing the variations in adhesiveness produced by changing 
the concentration of sodium chloride with and without serum.  Cells  were allowed 
to settle on the slide for 1 hour at 37°C.  Stream method.  Summer temperature. 
sodium  chloride  can  be  changed  from  0.37  per  cent  to  2  per  cent 
without  appreciably  affecting  the  number  of  leucocytes  adhering, 
and  (b) that in the presence of serum any increase in sodium chloride 
concentration  from 0.4 per  cent to  2  per  cent causes a  pronounced 
decrease in the number of leucocytes sticking, there being no optimum 
concentration  at  0.9  per  cent  as  with  phagocytosis.  Otherwise 
stated, this means that the addition of serum causes a greater decrease 
in  the  number  adhering,  the  higher  the  concentration  of  sodium 
chloride.  It is significant that in this case, as with temperature,  the 164  ADHESIVENESS  OF  LEUCOCYTES 
cells seem to be sensitized  by the addition of serum.  Furthermore 
the greatest sensitivity is in the neighborhood of the isotonic solution. 
It is instructive to compare these results with the statement of Tait 
and Gunn (10)  that a  5 per cent solution of sodium chloride delays 
but does not prevent  the  cytolysis on glass of  the amebocytes  of 
A stacus fluviatilis. 
Effect  of Calcium  Chloride,  Ethyl  Alcohol,  and Iodoform. 
Further  experiments  were  conducted  to  ascertain  whether  the 
adhesiveness  of  leucocytes  to  glass  could  be increased by calcium 
chloride,  ethyl alcohol,  and  iodoform, which were  found by Ham- 
burger  (13,  14)  to  increase  phagocytosis  of  carbon  particles.  In 
no case was there an increased stickiness though in high concentra- 
tions there was a  slight decrease.  It does not seem worth while to 
present these experiments in detail but the results may be summarized 
as follows: 
In  four  experiments  the  concentration  of  calcium  chloride was 
increased from 0.001  to 0.032 ~t, the concentration of sodium chloride 
being  1.7,  0.9, 0.9,  and  0.62  per  cent respectively.  No  serum was 
present as this would have added calcium.  No significant variation 
in the adhesiveness could be detected except a  Slight decrease with 
increasing concentrations where the sodium chloride was hypotonic. 
There  is apparently,  then,  a  discrepancy between  the  e~ect  of 
calcium chloride on stickiness and its effect on phagocytosis (Ham- 
burger).  Too much stress should not be laid upon this result, how- 
ever, since the previous history of the leucocytes could not have been 
identical.  All the calcium chloride can hardly be removed even in 
the control since the repeated centrifuging which would be necessary 
injures the cells.  That the previous treatment is important is shown 
by the experiments of Radsma  (15)  who found that calcium chloride 
stimulates the phagocytosis of rice-starch only when citrate or oxa- 
late had previously been used in handling the leucocytes. 
Two  experiments with  ethyl  alcohol  were  tried.  No  significant 
change was produced by 0.1 per cent alcohol (6 and 8 per cent serum 
present), but 1 per cent alcohol decreased the number adhering from 
50 to 20 per cent and again from 27 to 22 per cent. 
Two experiments, with and without serum (6 per cent), with iodo- WALLACE  O.  ~FENN  165 
form  prepared  in  various  concentrations  up  to  saturation  in  the 
method described by Hamburger showed no significant variations. 
Hamburger (13) reports a maximum in his phagocytosis experiments 
within the concentration limits here used.  The obvious conclusion 
is  that  the factors involved in phagocytosis and  stickiness are  not 
identical. 
DISCUSSION. 
In the foregoing pages an attempt has been made to test the theory 
that the phagocytosis of solid particles is merely a special case of the 
tendency of blood cells to spread upon solid objects.  Dissimilarities 
have chiefly been found between these two processes and they may 
be summarized as follows: 
1.  In acid solutions quartz particles are phagocytized more readily 
than carbon particles (vice versa  in alkaline solutions) but the sticki- 
ness of leucocytes to coal is greater than to glass in both acid and 
alkali. 
2.  Serum increases the phagocytosis of solid particles but decreases 
the stickiness to glass, coal, mica, and paraffin. 
3.  The optimum temperature for phagocytosis is at 37°C. but the 
stickiness is sometimes greater at 20°C. than at 37°C. 
4.  Hypotonic sodium chloride decreases phagocytosis (Hamburger) 
but increases stickiness (in the presence of serum). 
5.  Calcium  chloride,  ethyl  alcohol,  and  iodoform,  which  were 
found by  Hamburger  to  increase  phagocytosis of  carbon  in  small 
concentrations, have no effect or slightiy decrease the stickiness of 
leucocytes to glass. 
These data show that the simple conception of surface tension upon 
which  the  theory  of  the  similarity between  phagocytosis and  the 
spreading of cells on fiat surfaces is based, is not adequate to explain 
all the facts.  There is, of course, danger in drawing conclusions from 
comparisons between  experiments of  Hamburger,  for  example,  on 
phagocytosis of carbon particles,  and  our  own experiments on the 
adhesiveness of cells to glass,  not only because the solid surface differs 
in the two cases but also because the methods of obtaining and hand- 
ling the leucocytes were not identical.  One can hardly account in 
this way,  however,  for  the  opposite effects  of  serum, for example, 
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Since there can be no doubt that principles of surface tension must 
be  operative  in  such  experiments,  we  have  to  inquire  what  other 
factors contribute to  the findings.  The  obvious  suggestion is  that 
the effects of surface tension are obscured by changes in the internal 
structure or consistency of the protoplasm.  This factor has recently 
been  invoked particularly by  Loeb  (16)  in  reference  to  ameboid 
movement.  The mechanism by which  an  increased  fluidity of  the 
cell can increase phagocytosis and decrease the stickiness as measured 
by  our  technique has  already been discussed  under  the  effects  of 
temperature changes.  It may also be  suggested that  an increased 
rigidity of the cell would be a  geater factor in  preventing spreading 
than  in  preventing phagocytosis because  the  necessary mechanical 
deformation is less.  It seems to be just here that the surface tension 
hypothesis is incomplete.  It is not at all certain, however, that all 
the discrepancies between phagocytosis and  spreading,  particularly 
the effects of serum, can be explained by consistency changes. 
SUMMARY. 
1.  Methods  are  described  for  measuring  the  stickiness  of  cells 
to solid surfaces. 
2.  The effect of various factors such as temperature, serum concen- 
tration,  sodium chloride concentration, etc.,  on the adhesiveness of 
leucocytes to  solid  surfaces and  the phagocytosis of solid  particles 
are compared, and certain marked differences pointed out. 
3.  On  account of these differences it is  concluded that  forces of 
surface  tension,  though  undoubtedly  operative  in  determining  the 
behavior of cells in contact with solid bodies, are not the only factors 
involved. 
4.  Ways in which changes in the structure or rigidity of the proto- 
plasm might affect phagocytosis and adhesiveness in opposite direc- 
tions are suggested. 
I  take pleasure in acknowledging the helpful criticism of Dr. Cecil 
K. Drinker in this work and the courtesies of the Marine Biological 
Laboratory,  Woods  Hole,  Mass.,  where  some  of  the  experiments 
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